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The Role of Inert Gas Exchange and
Population Statistics in Studies of
Decompression Sickness

0
S RICHARD C. BUCKLES

Alm Research, 2631 Hanover St., Palo Alto, Calif. 94304

E. HARDENBERGH

Naval Medical Research Institute, Nat;onal Naval Medical Center,
Bethesda, Md. 20014

Mass transfer models were combined with dose-response
analyses to yield more insight into the fundamental etiology
of decompression sickpiess. Data ure presented that would
favor a four-tissue model of a hamster-from an inert gas
exchange point of view: (1) lung, (2) a fast tissue with a
ime constant corresponding to the cardiac output per gram
of tissue, and (3, 4) two slow tissues (time constant 63 and
25.5 min) corresponding to those tissue sites susceptible to
bubble nucleation.

Decompression sickness is a disease experienced by divers and air-
plane pilots. It can be avoided if one uses procedures based upon

a mass transfer analysis. This type of analysis is very old, having been
first carried out by Haldane et al. in 1908 (1). Recent modifications can
only be viewed as empirical curve-fitting attempts based on an increased
amount of data (2).

The studies reported here are oriented toward enunciating the basic
mechanisms of the disease rather than improving the existing model by
curve fitting. Because the population response to the disease ethibits
wide variance, the dose-response characteristics of the animal must be
incorporated into the model. This blending of pharmacokinetic models
and dose-response models provides more insight into the etiology of the
disease than has been available.
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16 CHIEMICAL EXCIXEIO4NC IN MEDICINE 2
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Figure 1. D~rug distribution dynamics-i.e., many processes can act
on a drug from its point at input into the body to Uts ouput. Fossibip
responses to the drug are ese shown, indicating their (often", indi rect

relationship to the drug.W

Figure 1 summairizes the pharmacodynamacist's view of the flow of
a material throughout th,3 body from input to output, lea~ding to a clinical
endpoint. Through physiological measurements we can describe the
transport of the material from input to the locus of action. We cannot
confirm this process in decompression sickness because tie locus is b---iedl
in periplieral tissue. Therefore, we must describe the population response
(i.e., er dpoint) and make inferencs about the process that occurs at
the locu.t. of action.

Decompression sickness represents the following simplifications of
the general picture in figure 1:

(1) The diflusing molecule is not protein bound.
(2) Time and dose are interrelated.
(3) Single route of introduction and excretion (th. same route).
(4) No biotransformations occur.
(5) The locus of action is peripheral but random in location.

* Since the action of the "drug" is a physical phenomena amenable to
to mathematical description (sce below), we hope that knowledge gained
about the etiology of this disease in small animals can be scaled to larger
animals 2nd perhaps even to humans. The recent success of Bischoll
et 4i (3) fr. this type of scraling procedure for methadone provcecs in.
creased onfidence In the potential for applying tie same scalinr, prin-
ciples to decomprcssian sickness.

* 1 _WWII



2. SUCKLES AND iAtDEXISEECH Decompression Sickm.r 17

Decompressios. gick.s

The symptoms of decompression sickness occur when bubbles form,
grow, and circulate in the blood. The bubbles are generated when man
goes fron a high pressure to a low pressure environment, breathing some
form of oxygen and "iMcr" gas. The inert gos is disbolved in .,ll body
tissues to a lesser or greater extent. (It is conventional to speak of the
inert gas partial pressure, rather than its concentration, in these tissues
[P,.w,. - Cl.,. - a]). When the hydrostatic pressure surrounding
the animal is less than the pardil pressure of the inert gas in any given
tissue, there is a finite likelihood that nucleation of bubbles vill occur,
reducing the state of supersaturation in that tissue but leaving the tissue
flled with bubbles. Divers enter this state of risk by breatting air at
Increased pressures while they are diving. They continue to absorb Aiert
gas in ,arious tissues while they are on the bottom. It is possible for
divers to vary both the pressure and time of diving and end up with the
same degree of risk. Because there has never been a satisfactory animal
model for this : isease, studies have b~een carried out on volunteer humans
in simulated di.ing environments w.ithin steel chambers.

In I6 experimental studies were initiated on the susceptibility u!.
anaesthetized hamsters to decompression insult, attempting to utilize
existing pharmacokinetic and toxicological modeling techniques to char.
acterize the role of the inert gas in producing decompression sicknest
Te hamster mot, .! consisted of three discrete elements. First, a mass
transfer mode', had to be developed that would describe the uptake,

GASl

LUNGMEASRED BY
OW...8ARIUM" WASHOUT

EXCANGE 1EXPERIMENTS

EXCHANGE ITISUES THAT
PLAY A ROLE INE GEDECOMPRESSION

Figure 2. Generalized mass tra~nler model for the lmster
model consists of n tisues. I of which play a role in itsiiatig dcwn-

ffe nion sickneml. The ket few insue cqueilibrete withlithe r p dly rdrcv
ing blood and have a heh water co.tent. The slumer tissues mav be

chdruderized by tao con.partments coupled by inert gc; dijuslon.



Iz. CHIEMICAL EGWNEEHINC I*% %1CICINF

distribution, and elimination of nitrogen during exposure to high presbure
air and a subsequent return to normal pressure. Secondly, the model had
to take into account tlhe response of the animal to supersaturation (i.e.,
in vivo nuvciation had to be modeled). Fisally, a population distribution
based on the kinetics nf bubble formation and grnwth would have to
be superimposed upon the popuiation response to bubbles.

Figure 2 describes tbe generalized mass tranfer model based on Ole
early work of Haldane (1). The region consisting oi the lung and t;,e
fist tissue (No. 1) can be characterized by mass transfer studies of inert
gas absorption and elimination. In these, it is assumed that Tissue 1 acts
as a well-stirred chemical reactor so that the venous partial presture of
gas is equal to the average value for the tissue as a whole.

Somewhere in this model composed of n discrete tissues, it is postu-
lated that the disease can be initiated by bubbles forming and growing.
Evidence is presented here to indicate that it is the slow transport-limited
tissues of the body that represent the tissues in which bubbles first
nucleate. Mass transfer modeling of this sort postul.tes such tissues and
then seeks experimental validation of their existence.

The population distribution elements of this modl are described in
Figure 3. Those distributions responding to a particular endpoint are
plotted as a function of the inert gas tension in a characteristic tissue.
This response would occur in an animal that had been exposed to a high
pressure and then returned directly to 1 atm. Bubble formation begins
•'hev the tissue te-sion exceeds some lower limit and the population is

SUBaLES FORM TYPE I TYPE II

10

MAXIMUM INERT GAS PARTIAL PPE~rJUflS. P, ou"
Figure 3. Ceneem:d dote--repon curves for decomprenion sickne~s
As Ilse 143ue partial p1 4SUN (P,.,,o,..) In€ca4.:s, Ils ;wrccntagzc of file papu-
lotion thaot exhibits a portkcular endpoint incre-wss. The ;€;afite location of
thrie thre curves is the bostv for miuch of the e'wrent contrraq about

modern ditin$ prOfCOCC .
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Care" prepared by the Committee on the Guide for Lakbratfor' Aninial
Rvsources, National Academy of Sciences-Nation-l P.e.irch" Ccu,'i!.

Our studies were carried out on male banisters obttired from the
NIH Breeding Colovy. Bethesda, MI. Tltey were a; waek .. " ;E
chloralose urethane anaesthesia (I c/100 grams hamster with a solution
con~tintng 10 vig/,- chloralose, 10 mg/cc .cd" - . r. ".*
mg/cc urethane). Supplemental doses of 1/3 ori-inu1 Gose wc'r,: t:tel
required for long studies. The animals were kept a minimum of t,.o
weeks to stabilize dietary mad environmental factors. An endotrach-iil
tube, size PE6 or 90, was used in 21' cases, partly to eliminate the
difBfu:'y of respirtory stress, but mot- importantly in the'gaN washout
studies to connect the animal directly to the breathing gas system.

Resu/ts

Two types of studies were carried out. the first, repo..ed on a pre.
liminary b.sis (8), involves the use of an endpoint-death--and is od.
ented towards the articulation of the receptor sites for bub-ble nucleation.
The second study, reported her for the first time, Involves a measure-
ment of the fast inert gas exchange constants of ti animal model. Both
studies utilized air as a bre.thing mixture and were begun with the animal
assumed to be in equilibrium with air at 1 atm (Px, - 0.79 at.-).

I

lIS Inr/a arz! /e" inte"ermo ase fie

,S I

I. *1,k/ ,*

EXPO6UREl TimE

dosing a simulated dice
7Te eat Manue (Cheered by Short time Cdamft* ,.e) rise repfdl go.
e Iei4l In *quilibricn; wtI. the faspireed air. lot short dirv; $'em tissofs uIU
be relatively more z ,rated then tie! slower ones free#*). As thf lIofm

IlNe increses. he ti sue. pertle pressue, approach oe another.

Dose-Respen" Curves. When the ham,;cr is expo.ed to high am-
bient pressure. the partial pressure of nitrogen in its body tissues rise*

m~b!
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-!ong some form of exponential cuirve. ,!.i.' :.:-" . s.tmsrdle;i
I Figure 5). If at any time during tdis pr:eure thc prv~itra is returned
to I atm, the various body ti.sues J,. ......... '.... .: .r tu
ambient pressure and will attempt to reurnW. to um.'-.rt c rtions (U.79
atm) along an exponential curve similar to that which they folloved
during the uptake portion of the dive. Short dives are characterized by
high inert gas partial pressures in the tissues, represented by short time
constants (ft.). However, long bottom time dives thalt show an ever-
increasing degree of mortality, must reaect the gas uptak:e it. the tissues
with long-time constants (,,I.,).

LOWH P..O'M

so

- !

_ __________

EXPOSUtI TIMU

Figure 6. Generalized hamster doee-mpon curves
I th n" "WR prtial ISwre is high enouh, tie MrneteitV uil ete U
"M "Pt116 avek afte qr 8 cousht rim* eriowd. to this domain one co

sidp the. tim efeits independt of " utrge pertiael PrOmv.

Figure 6 shows three postulated dose-response curves that could be
expected. In the curve marked high Pi.#,,t,, the ultimate response Is
100% mortality because the inert gas partial pressure was so high that
all animals were afflicted. If the depth ofl the dive is lowered (curves
marked low P.,,..,), the curve shifts to the right (towards increased expo-
sure time) and flattens at a time (tt). In this range of pressures it is
assumed that the time response Is independent of the absolute pressure
of the dive. Experiments of this kind are called time-bsed experiments
(TR), and are used to characterize r.,., as deOned in Figure 5.

~~7-
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Once t.z, is determined, one may design an experi.ental dive
sequence in which T,1. will L-e the controlling th. ,e, regard!ss of dep:-.1
In these pressnre-based trials (PB), one increases the absoltite depth of
the dive while maintaining tla, bottom time costant. An experine.
dose-response curve similar to Figure 4 is then obtained and may W-
analyzed solely in terms of . independent of time. Pi.t.. can be
calculated if one knows -. ,b and the time and pressure of a particu.lar
dive.

70

; .>" (209) .
t 50
-J

0go
220

0 10 20 30 90
TIME, MI.

kMseasesd I. rms
e Nllgwlis Me-..,ie

Figure7. Hamster modality a a functlin of time (8)
The Amatess were erpowd to J1.2 ate of air ., catjing

r.s. Tide gmph exlbit tPe experimew rtmlts and the
'bet line csimate of a normad mortalift came Por the data.

The. nomb.,. in puvpe to...idicte sample shze

The time-based and pressure-based studies were caryfed out in a
smal experimental chamber (8). The experimental results (% mor-
tality as a function of time or pressure) were analyzed by the methods
of probit analysis presented by Finney (9). The time-based studies were
analyzed first (see Appendix 1). A statistical best At was applied to the

t data once it had been determined that the percent mortality that occurred
at the longest bottom time (90 minutes) was the same as at the saturation
level (see Figure 7). From the statistically best ft line of percent mor-
tality cs. bottom time, the time associated with a mortality corresponding
to 99% of saturation mortality was determined. Assuming that rTu,
characterizes a tissue that rijes exponentially towards saturation, one
may show that the time constant, w,.%, is a simple multiple of the time
to reach 99% of saturation (c:dled t.). From these experiments it was
determined that v,,. -, 275 minutes.

-4_-
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1 10 .0

MM
I Ia,

0-
0 3 6 9

PT-02 -AT

FHau- 8. m i ,ni ity ea fuact.mj of uxi
Of slt l tism , e mhw rtie0 prusse (8)

The dk" ,s e w Wa out far 31 alw t ( = 0.7 am)
edr ee rei.eIao the (mm*sd ., in I dow I "

(TI ma). "h peehlOWdi mwen, Is ee sf, dve PtF , 4 . +P. Iv. p,.,, o.79 + Fr(IP, - EXt - 0'",)

TA. mmAeva is pmwam. udk m dw ampk sise.

The pres-ueband data wee carried out by divS to kareasing
dep t with a bottom time of 31 minutes. Ti time was determined
fmi,.,, so that the tissue controlln the mortlity nddene wMd be
the dowst Ussue (,. ) under all cmditions Figure8 is a plot of the
pecent mortality c,. the inert Ps tise tension in the Slowest issue for
these PBdat.

One may compute the nert gs tissue tension In the slow tissue at
the end of the shorter bottom time dives in the TS ries. These da
points ae plotted on Figum 9 where they are supmposed on the data
from Fim & The divs C=se$spxdn to 2. 4. mad 8 minutes fall d-
niflcantly above the best St curv based on the PB data.

Nk.ne 8 . Wash u. Curves. These studies wg carried out to ascr-
tan diretly the rate of nitrogen elimimtson in amethetimd hamsters
at I aM. Hamsters that were initially equilibwated wih air were attached
to a breathing circuit, shown In Figure 10, thrmgh which an 80/20
helium oxygen gas mture was passed at a constant ow rate. The ps
passed through a sampling valve of a gas chromatograph so that one
could take discrete samples at fixed Intervals after the animal was at.
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7 ,

6

5 ur-

. -

0 5 lo
LOG ( PT-I)

Figure 9. Hamster ~rtdliaj a'. funclto. Of Pr.x (8)
The dw of plotted (for hlflaatiom) es. proe , . log
1t,.,.. The %alut of Pr.,, is computed from P.* as in Fgr
P. em g r = 25.5 tn, Tho aeli line corrsponli toe
k#I9a req fa of the PS dot. The TB do& (1 I! si.
afimceudv to tOw kift of the tin. Thme nauwrs i 'wr:'.ws

Indicaft doe umplae (se Flpes S

tached to the system. Since the system could be calibrated %ith known
gases, the acquired data %wee expressed in term of nitroen fraction (F)
at discrete times during the washout. The dead space between the animal
connection and the sampling loop was negigible.

/Us method of data analysis is derived in Appendix It. The amals
were grouped according to %vight, Pni the average data were plotted
in terms of the log [FQ/1Y] as a function of time. The exerimental
pammeters measured were nitrogen fraction (F), gas Boiv rate (Q).
Ad hamster weight (W). Fiure 11 is a characteristic curve. Nitrogen

excretion decreased rapidly during the first two minutes (puommoy
washout) and then more slowly. A best-fit line was drawn by eye, and
the slope and intercept of that line were determined. Table I is a list of
the intercept and slope (F anr r).

A mass balance on nitrogen shows that

K = IA!! + f,,,

where K is the ratio of tota.l initial dissolvetd nitrogen to body w ight.
To d,.tennine K a priori, one must kmt the soluhility 'ofic'icnts for N..
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APPARATUS FOR
INERT GAS WASHOUT EXPERIMENTS

(AF

Figure 10. Hamster breathing loop far onaly*sI of exhe k&V2 NThe asfm cenla. f:(a cOmnPreud m01M20 He/ /4wad UPPro... t e g. r egulaor. (b) Comm( vae, cmrtl aiUut (a rtomter; Ld)-wt, n gee igide iing for stuathing hamster endotrrgcai fts
I~eeij o~s fr rnser (~JClromabognoph anspglu tak; Wg..... and CO, .abW wr ()hromtoqp colino mt to ther...• o n d i c t tyv d w o . - . . . . . . .

In fat and water (a,..), the density of body fat (pf). and the hr, Iof body weight that is fat and water ( I is measurtd expe rmn.tally by integrating the (F0/1V) curve from time zero to iwlnlty, neglect.ing the pulmonary contribution. A plot of K vs. body weight indip.tethat there is no statistical dependence on WV (Table 1I). However,Figure 12 shows that , the time constant, Ii related to body weight. Thetime constants In these experiments are much shorter than the longesttime constant determined In the dose-response experiments (25.5
minutes).

Discus ion

The time-based dose-response curve yielded a slow issue time con.stant of 2.6 minutes. This is signifcantly greater than any circulationtikne constants previously reported In small animals (7). The experi.ments cannot indicate the anatomical location or the mode of transportresponsible for this slow time constant. Flynn's studies (7), which failedto show such a slow tissue, were performed on unanaesthetized mice sothe conditions for comparison are not exact. Detection of this slow tissueby measurement of pulmonary gas washout is probably not feasible be.

Fopreduc f4.rom

belaUc

A -
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S SDYWEIGHT - 110 Sgn
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RESPIRATORY RATE RAtG.- R 40. -4 tMm
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TIME. 0".

Figire 11. Exhad No as a Junction o1 time
WaOwt data from four. 1O.gram hamsters with e mean body temperature
of 371C. The arthmelc aerge poiis (a3) d, escbe a aimpl exponential

tuntio* aj time.

Table I. Slope (r) and Intercept (FQ/IW X l0 4) of Wathout Curves

Total Body Weight, (FQ/W X.I' )
fram miue s/e-m

75 .542 33.5
85 .875 25.0
88 .748 17.
93 1.31 18.8

102 1,48 24.8
107 1.63 20.3
110 1.37 18.3
121 1.88 17.0

cause of the extremely low quantity of I.2 involved and the many sources
of N2 leaks that could yield this much nitrogen (diffusion through plastic
tubing, transcutaneous N2 transport, or leaks around seals).

If one extrapolates the pressure-based dose-response data to a 1%
mortality level (a threshold for the disense), the inert gas partial pressure
Is 25 ata. Trials on humans have indicated a critical threshold for detect-
ing decompression sickness at 2 ata, not too different from the value for

* -.....

. .....-. . ..2 - f
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Table II. Experimental Values of K X 10"

Total Body Weig/d. K x 10',
grams cc.'g-alm

75 2.33
85 2.80
88 1.67
93 3.16

102 4.70
107 4.23
110 3.22
121 4.05

h!amsters. This would imply that the population response curves for type
2 symptoms as measured on hamsters is not too different from the re-
sponse curves for humans with type I symptoms at the low incidence
level. This then suggests that the curves drawn in Figure 4 would be
virtually coincident at the lower response levels. It is just this tendency
for the curves to coincide that makes it so difficult to settle the arguments
concerning the presence or absence of asymptomatic bubbles in human
divers.

Figure 9 indicates that the slow tissue that was responsible for
mortality in saturation dives could not be responsible for the high mr-

2.0

•yes •

1.5 0
0

.5

0 I

70 so 90 100 110 120 130

BODY WEIGHT, gins

Figure 12. N, washout limc cotistant (7) as a function of body wiglit
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tality in the shorter dives. That is, tile cxpCrimncntal mortahty was sig-
nificantly greater than the lcast-.quares line based ,-i: .- '
One explanation of this would be that faster time constant tissues exist

a o d; in the body and are responsible for the higher mortality in the shorter
dives. Since we know from the N. washout studies that faster tissues do

* exist, it is worth trying to determine whether these faster tissues could
T be sites of nucleation for short dives.
Th

• a ne, If we assume that all tissues have the same susceptibility tn bubble
. who i formation, their inert gas tissue tension should be the same as the bes!
i gruicle experimental line for the PB data. By this method we caa calculate back

chem' to determine what the time constant of these faster tissues wo~uld bOe in
math order to acquire this level of inert gas tension. When this is c-"re, the
try. tissue time constant is 6.3 minutes for the two-minute bottom time
to j experiments. While this is significantly faster than the 25.5-minut,: con-

I rol stant measured for the slow tissues, it is still significantly greater than the
* proC

slowest time constant measured in the nitrogen washout studies (Figure
the 12). Thus, it is assumed that the well-perfused tissues of the body would
ing never be the sites of bubble formation for dives greater than two rninutes.

- ver. These data also confirm experimentally the generally held notion that
inter' there is a spectrum of response time for the body tissues.

STo tn A range of physiologic responses was noted in hamsters exposed to
" tjthe washout studies. Core temperatures as low as 30'C were meast;red.Sgenph e Heart rates ranged from 324 to 564 cpm, and respiration rates were 40--3

char, rpm. In spite of this, no significant systematic variation of time constants
m ern' could be demonstrated. This is interpreted to mean that the time con-
tran stants measured by this technique are for tissues that are so vell perfused

A cn that they are independent of variabilities in the physiologic parameters
: trand measured. Peripheral tissues that are known to be sensitive to these
i anal: parameters are obviously not measured by this method.'s therl.er A comparison of the experimentally measured K value (Table II)

1 regru and various theoretical K values is instructive. An average 100-grim
tory hamster Is 03.4% water, 17.4% fat, and 19.2% bone and other material

" pre (kindly determined by F. K. Millar, Laboratory of Physiology, NCI,
meat NIH, Bethesda, Md.). Based on published values of solubility coeff-
ture dients, one can compute a theoretical value of K of 26.2 X 10". Thus,

. r we must infer that only part of the total nitrogen washout was actually
measured during the washout studies. At the other extreme, one could

.- assume that we measured only the nitrogen dissolved in the bloodstream.
When the average K value is converted to a fractional composition,
assumed to be water, the fraction is 0.13. This is signilicantly higher
than the known factor of blood (-.07) and much lower than the total

" * water content. Thus, we must be measuring some volume greater than

i _/,/-
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,he bland volume. It is inferred that certain ti-srs are pvrftiscr in an

e.quilibrium fa~hioi, %%ith the bluod and are, therefore, washid Out at

the came rate as is the blood.

Vajous wa.s have been used to estimate the cardiac output per

gr:im of tissue of animal species. Since direct information on cardiac
output for hamsters is not available, different etirmation procedures were
ustd. These are summarized in Appendix III. The average value of
cardiac output per gram of tissue is 0.64 ce/gram-min, based on a 100-
gram hamster. Notice from Figure 11 that the inverse of the cardiac
output per gram of tissue (1.6 minutes) is similar to the time constant
for a 100-gram hamster. This lends strong credence to the observation
above that the time constant measured for gas washout from hamsters in
these experiments is essentially that of the gas dissolved in bhlad and the
well perfused tissues of the body.

Summary

Arguments are presented that favor a four-tissue model of a hamster
from an inert gas exchange point of view; (1) lung, (2) a fast tissue witl"
a time constant corresponding to the cardiac output per gram of tiss,.e,
and (3,4) two slow tissues (time constant 6.3 and 2.5.5 minutes) corre-
sponding to those tissue sites susceptible to bubble nucleation.
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minets of L. lardy, D. Bennett, L. Sutermelster, and J. M. Miles, Jr.
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Appendix I-Analysis of Time-Based Data by the Method of Probits

It is assumed that the time-based data fit a theoretical dose-response
curve as shown in Figure 6. Analysis of such do.se-response curves, first
desvribed by Bis- (10), consists of finding a convenient r.etbod to
linearize the data. In such a linearized form, a least.squares regression
line and standard estimates of data variance can be obtained.

it, However, the data are generally too sparse to .',ermit simple analysis.
!r Some judgment muit be made of the several possible results to obtain
11 one tit is lnteruallv consistent. An example of this procedutre is given

here for thec tim,2:..ld data. The data are presented in Table I-A.

EUi
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Table I-A. Tim,:-Based Data
Bottom. Time, Mortality.Mi. n%

2 80 2.!5,
4 8.73
880 12,r

16 80 25.30
31 289 52.9
90 . 63.75

ole
The data are converted to the coordinate system of probits as a

function of log (time). First the mort:lity da.a must be converted to
response data. One may do- this wth one of two plausible assum'tions:
(a) that the mortality at 90 minutes corresponds to 100% response. or (b)
that the mortality 2t both 31 aud 90 minutes corresponds to 100c' re.
sponse, and one then lumps the data. The mortality data are converted
to response data by expressing emch as a percentage of the mortality

selected as the 1001% response. These data are plotted against the 11 g,.,
(time). Data based on the two assumptions are given in Table I-B.

er
Table I.. T3 Data Expressed s Response Data

Bottom % %
STime, 09. 11 R, ms Probi Resrnse Probi.

r n. (time) " (a) ) b)
2 .301 3.91 3.24 4.27 8 .28S
4 .602 13.7 3.00 15.0 3.90
8 .903 19.0 4.14 21.4 4.21

18 1.204 39.2 4.73 42.7 4.81
31 1.491 83.0 6.15 100.0 -
90 1.959 100.0 - 100.0
Although the data do not appear too different, logic leads us to

select assumption (a). An approximate best fit to the data yields a time
constant of about 30 minutes. If this is true, the data points of 31 minutes
could not be at all representative of saturation data.

Since the data exhibits significant scatter, one must use a least-
squares method to correlate probit with log%, (time) (see Finney (9),
Chapter 4]. This is done in an iterative style of successively improving

the approximation to the least-squares line. Four iterations were required
to yield a least-iquares lines given by:

Ptobit - 2.08 + 2.54 log, (time)

A 99% response occurs when probit - 7.326. Thi. yields a t, (time
when 99% response occurs) given by: t" - antilog 0 (2.068) 117
minutes.

A /P ~~m
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Since we hale assumed that this levcl of mortality is produced b.
a #sl)v tissue reaching saturation with N., along a. exponential cure.

c r the time constant is related to t., by:

1,- + 4.61

Thns, r -- 25.5 minutes.

Appendix li-Avalysis o Nitrogen 1Vashout Data

The nitrogen washout data consist of F, the fraction of nitrogen in
exhaled air, measured as a discrete function of time after shifting to an
30-20 He-0 breathing mixture. When plotted as log F vs. time, the data
fall along one line. Only the first one or two data points are above this
'best" line. These presumably are caused by pulmonary and breathing
loop dead spaces and are neglected hereafter.

To a first approximation:

ITotal X. excreted] t = At'

where Oj is the gas flow rate during the interval F) is measured. When
n w0, the total nitrogen excreted should equal the total nitrogen dis-
solved in the body at the start of the experiment (neglect skin transport
of N.- for this analysis). That is

0#

= f,J, = (l121 + V'. V&r)j= 1 ;

where V1 (or V.) is the volume of fat (or water) and *, (or P.) is the
solubility coefficient for N2 in fat (or water). This expression may be
rewritten as:

J-TOT- oT K PT--,s,

where,

,1,7 +,.,.
pf is the density of fat, and f Is the weight fraction of fat or water.

Since we do not have data for FO to infinity, it seemed desirable to
derive a mathematical expression for it so a to convert the summation
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to an Integratiozn. Consider the body as a lumped mass that transmiti
N2 to the breathing loop at a rate

where P is ncaii body N: partial pressure, and k, is a transfer coeffieient,
and q is the nitrogen excretion rate.
'Now,

0*V-T d(KI'TO;P)

Rearranging,

k dlnP

It is also true that F - q/Q if 'one can neglect variations in qt., qm,
and qno.
From this we obtain,

F-P Q
s,SO

dF kdP

and

1 dP I14F? 1 "Pdt
Thus,

dlnF k

d In tP/KH'Tnr) dInP
Xote also that: dt -

Hence, the slope of a line plotted through the data (log (F()/KYu,)
vs. time) will yield a whole body mass transfer coefficient. It will then be
possible to compute the experimental value of K by simple Integration.

Appeudix 11-Eutimation. of Ham.ter Cardiac Outtt

Several methods are used to estimate cardiac output (CO), with
data gathered from various animal species. Each Is described, then an
average value Is taken. All data are based on a 100-gram hamster.

S4 ... . ....... .

,-~4

m mm i mmmmm* 4mmm llm'sre.



JI b7CKLL' A.D n A' .CtHat DctoWnjrem~ion Sictics 33

(A) O - (j',ood Volume)
(A)Ci CO 'Lt ionl Time)

Blood volume - f,.W*. i: .J74. ' V: 1' 7.4 cc
Circulation time: (11ef. 11. p. 115)

mail: 7-9 sec
dog: 10-11 stx
rabbit: 10.5 st-c

If we assume for a hamster it is 10 seu, CO - 44.4 vc -'min.

(B) CO- (Cardiac Index) x, ( urracc.t" ei )

Cardiac index - 1.6 X 10"3 ce/mi-su m (Rat, Ref. 11. p. 80)
Surface area - .091 X Wp? " (Rat, Ref. 11, p. 8()

CO - 31.5 cc/min

(C) CO - (Cardiac Index) x (Surface Area)
Cardiac Index - 2.47 X 10 cc/min-fn; [Fnestheted fcrret. (1I2)]

Surface area - .06i 11.r,,T'CO .-- 53.1 cc win

( (Blood Volume)
(Circulation Time)

Blood volume -7.4cc (we III A)
Cirrulation time - 4.sec (wet III C)

CO - 9a.7

(j.. Consumption)

Oj Consumption - 2.3 ccigram-hr (we Ill A)
A-V Oz Gradient - 4.1 vol % [anethetized dogs 1 13.]

CO - 98.7 cc, min

(F) The arithmetic average cardiac ouput is 64.3 c/min. Xo weigh-
ing is given the various estimates because of uncertainties in all methods.
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